A sensitive and selective LC-MS/MS method was validated for quantitation of ivermectin (IVM) in plasma. Method: The IVM was extracted from plasma using solid-phase extraction with C-18 cartridges. Separation of analytes was achieved on an ACE C18 column with isocratic elution using 0.1% acetic acid and methanol: acetonitrile (1:1, v/v) as mobile phase. The IVM was quantitated using electrospray ionization operating in negative multiple reaction monitoring mode. Results: The MS/MS response was linear over the concentration range from 0.1-1000 ng/ml. The method for human plasma was validated as per US FDA guidelines. The LC-MS/MS method is sensitive, reproducible, has easy sample preparation and is suitable for IVM quantitation in clinical samples. (Figure 1 ), is a mixture of two semisynthetic analogs produced by the bacteria Streptomycetes avermetilis [1] [2] [3] , which is well known for its excellent potency and wide spectrum against nematode, microfilaria and parasites in invertebrates (mosquitoes) and mammals (mouse, cattle, sheep, dog, monkey and human) [4] . Ivermectin and avermectin are approved for the control and treatment of human and animal onchocerciasis, lymphatic flariasis (LF), strongyloidiasis and scabies [5] [6] [7] [8] . Wuchereria bancrofti (and less commonly Brugia malayi or B. timori) infects an estimated 120 million people in the tropics with another 1 billion at risk [9] . The WHO has targeted LF for global elimination as a public health problem by 2020. The LF is treated with triple drug therapy including diethylcarbamazine combined with albendazole and IVM.
Ivermectin (IVM), named as 22, 23-dihydro-avermectin B 1 (Figure 1 ), is a mixture of two semisynthetic analogs produced by the bacteria Streptomycetes avermetilis [1] [2] [3] , which is well known for its excellent potency and wide spectrum against nematode, microfilaria and parasites in invertebrates (mosquitoes) and mammals (mouse, cattle, sheep, dog, monkey and human) [4] . Ivermectin and avermectin are approved for the control and treatment of human and animal onchocerciasis, lymphatic flariasis (LF), strongyloidiasis and scabies [5] [6] [7] [8] . Wuchereria bancrofti (and less commonly Brugia malayi or B. timori) infects an estimated 120 million people in the tropics with another 1 billion at risk [9] . The WHO has targeted LF for global elimination as a public health problem by 2020. The LF is treated with triple drug therapy including diethylcarbamazine combined with albendazole and IVM.
A number of IVM formulations are available for human administration including, topical (cream and lotion) and oral formulations (tablet). When oral administration for systemic treatment is not feasible, often a veterinary product is administered either subcutaneously or intravenously [10] [11] [12] [13] [14] . Moreover, the optimal dose and systemic concentration of IVM required for the successful eradiation of disseminated strongyloidiasis is not known. Therefore, it is necessary to evaluate the relation between pharmacokinetics and drug response to IVM. Besides formulation, animal species and route of administration may substantially affect IVM plasma drug concentration [15] [16] [17] . IVM is metabolized by CYP3A4 and it is also a substrate and potent inducer of P-glycoprotein, which illustrates a theoretical possibility of interaction of IVM with CYP3A4 and P-glycoprotein substrates [18, 19] . At the same time, clinical pharmacokinetic studies of IVM-based therapy and plasma concentration data are lacking for some special groups including patients over 65 years, pregnant, lactating and HIV-infected individuals, among others [4] . There is a need to establish safe and effective IVM dosing in special populations such as pregnant individuals, infants and children and the elderly. Moreover, the optimal drug plasma concentration required for anthelmintic activity has not been determined [10, 20] , indicating the need for a simple and sensitive method for the determination of IVM concentration in human plasma. Meanwhile, preclinical studies in different species, such as mouse and monkey are necessary to assess the treatment efficacy and safety of IVM on animals and fully understand the drug's pharmacokinetic properties and to understand species' specific differences in drug disposition and metabolism [21] . IVM's use has been reported in a variety of animals [22] . As part of ongoing studies to assess alternative dosing strategies for IVM, we evaluated the plasma concentration of IVM in mice and monkeys following oral IVM therapy. These species were chosen as they provided a way to establish the IVM plasma: cerebrospinal fluid (CSF) ratio in an animal model. To facilitate these studies, it is necessary to develop a simple and highly sensitive assay that can utilize small sample volumes with a high throughput that can accurately measure trace levels of IVM in plasma samples.
Various techniques have been utilized for the separation, detection and quantification of IVM from soil, water, vegetables and biological samples. The high-performance liquid chromatography-fluorescence methods (HPLC-FL) are most commonly utilized for quantitation of IVM [23] [24] [25] [26] . Several methods include gas chromatography-mass spectrometry (GC-MS) [27] . However, both GC-MS and HPLC-FL-based methods require sample derivatization, which is labor intensive, time-consuming and expensive. Although LC-MS/MS methods have been successfully applied to the determination of IVM (Table 1) but limitations still preclude their implementation [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . A number of LC/MS/MS methods for the quantitation of IVM have been described, including in bovine muscle (LLOQ; 0.9 μg/kg) [28] , animal plasma (LLOQ; 1 ng/ml) [29] , vegetables (LLOQ; 0.53 ng/ml) [36] and milk [30, 37] . Huang et al. reported a method for the quantitation of IVM in edible oils (LLOQ; 0.3 μg/kg) [31] . Krogh et al. reported a method for the quantitation of IVM in water, sediment and soil (LLOQ 0.5-2.5 ng/kg) [32] . Ortiz et al. reported a method for the quantitation of IVM in tissues of dung (LLOQ 0.1 ng/g) [33] . Hence, the aim of this study was to develop a simple and sensitive LC-MS/MS method with a LLOQ of 0.1 ng/ml for the absolute quantification of IVM from human, mouse and monkey plasma that is more suited for pharmacokinetic studies of either human or animal species. We have successfully validated a LC-MS/MS method for IVM quantitation in human plasma with a LLOQ of 0.1 ng/ml. The performance of the LC-MS/MS method was compared with a previously validated HPLC-FL method by re-analyzing previously assayed clinical samples. This method has been applied to mouse and monkey plasma with acceptable precision and minimal bias. 
Materials & methods

Chemicals & materials
Pharmaceutical grade IVM (purity; ≥90%), and abamectin (ABA, purity; ≥97.1%) (internal standard, IS) were purchased from Sigma-Aldrich (MO, USA). LC-MS-grade methanol (MeOH), acetonitrile (MeCN), sodium acetate and acetic acid (AA), were obtained from Fisher Scientific (NJ, USA). Centrifuge tube filters were purchased from Corning Co. (NY, USA). Agilent bond Elute C18, 50 mg per 1 ml cartridges were purchased from Agilent (DE, USA). A water purification system Barnstead GenPure, Thermo Scientific (NA, USA) was used for generating ultrapure water. All other reagents used were purchased from standard suppliers and of analytical grade or higher.
Liquid chromatographic & mass spectrometric conditions
The instrumentation consisted of a Shimadzu 8060 LC-MS/MS system (Shimadzu Scientific Instruments, MD, USA), a binary pump system (LC-30 AD), column oven (CTO-30AS) and an auto-sampler (SIL-30AC). The mass spectrometer was operated in negative electrospray ionization mode using a dual ion source. The MS/MS system was operated at unit resolution in the multiple reaction monitoring (MRM) mode. The analytical column was an ACE C 18 (50 × 3 mm, 3 μ, Advanced Chromatography Technologies Ltd) column equipped with a C 18 guard column (Phenomenex, Inc., CA, USA). The mobile phase was 0.1% AA in water (mobile phase A) and MeOH/MeCN (1:1; mobile phase B; 20:80 v/v), delivered at 0.3 ml/min with a column oven temperature maintained at 40
• C. An isocratic elution over 9.0 min was utilized for chromatographic separation. The injection volume was 10 μl.
Quantification of all analytes was achieved in negative MRM mode. The nebulizer gas flow was set at 2.0 l/min, the heating gas and the drying gas at 10 l/min. The interface temperature was 375
• C, desolvation line temperature of 250
• C and heat block temperature of 400
• C with an interface voltage of 4000V were utilized. The MRM precursor ion→product ion transitions for IVM and IS were m/z 873.50→567.25 and 871.50→565.35 respectively. LabSolutions LCMS Ver.5.6 (Shimadzu Scientific, Inc.) was used for data acquisition.
Preparation of stock, calibration standards & quality control samples Stock solutions of 1 mg/ml of IVM and IS were prepared in 50:50 MeOH:H 2 O. Two separate stock solutions were prepared for IVM for the preparation of calibration curve standards (CCs) and quality control samples (QCs). Then, the stocks were diluted with methanol to make working standard solutions, which were further diluted to prepare the working solutions of QCs and CCs. The CCs were prepared by spiking 20 μl of working standard solution into 200 μl of plasma (10x high) to obtain a concentration range of 0.1-1000 ng/ml for IVM. The final CCs concentrations were 0.1, 0.2, 1, 5, 10, 50, 500, 1000 ng/ml in matrix. The QCs at the LLOQ, 0.1 ng/ml, low quality control (LQC, 0.5 ng/ml), middle quality control (MQC, 200 ng/ml) and high quality control (HQC, 750 ng/ml) were prepared respectively in five replicates.
Sample preparation
Agilent bond Elute C18 SPE cartridges, (50 mg 1 ml cartridge, Agilent Technologies, DE, USA) were used for the plasma sample preparation of mouse, monkey and human samples. Briefly, into a 2.5 ml polypropylene tube, a total of 200 μl of plasma were added and spiked with 10 μl of IS working solution (ABA 1000 ng/ml). The sample was vortexed for 10 s, diluted with 400 μl of 1% 10 mM sodium acetate buffer and vortexed again. Subsequently, 200 μl of MeOH was added to the sample. The entire sample was vortexed for 5 min, followed by centrifugation at 3,000 × g for 5 min and the supernatant loaded onto SPE cartridges that had been activated with1 ml of MeOH followed by 1 ml of HPLC grade water. Loaded cartridges were washed with 2 ml of 15% MeOH and eluted with 2 ml of isopropyl alcohol. All eluates were evaporated under a gentle stream of nitrogen at 50
• C temperature and reconstituted in 100 μl of MeOH/MeCN: 0.1% AA (80:20). A total of 10 μl of the reconstituted sample were injected into LC-MS/MS for analysis.
HPLC-fluorescence assay partial validation
The partial validation and plasma sample preparation were performed for HPLC-FL assay by following Kitzman's method [23] . Quantitation of IVM was performed using Shimadzu Shimadzu, HPLC system equipped with a binary pump system (LC-10 AD), column oven (CTO-10A), an auto-sampler (SIL-10AD), degasser (DGU-114A) and fluorescence detector (RF-10AXL) with a data processing software LabSolutions (Shimadzu Scientific, Inc.). The separation was performed on a Ultrasphere 5 ODS column, 250 × 4.6 mm, 5 μm (HiChrom, UK) with a mobile phase composed of tetrahydrofuran-acetonitrile-water (40:38:22 v/v/v). The fluorescence detector was set at excitation and emission wavelength of 365 and 475 nm, respectively. The retention times of IVM and moxidectin (IS) were 24.5 and 12.5 min, respectively. The assay for ivermectin in human plasma is linear over the concentration range of 0.2-400 ng/ml.
Liquid chromatography-tandem mass spectrometry assay validation
The LC-MS/MS method was validated according to the guidance for industry: bioanalytical method validation of USFDA, 2018 [38, 39] .
Selectivity & specificity
Selectivity and specificity processed as per extraction procedure were carried out by analyzing the six different blank mouse, monkey or human plasma samples spiked with analytes and IS for the assessment of potential interferences with endogenous substances. Each calibration curve consisted of eight nonzero concentrations, a blank sample and a zero sample (blank + IS). The results were fitted using linear regression analysis with the use of weighting factor (1/x 2 ). Acceptance criteria required the calibration curve to have a correlation coefficient (r 2 ) of 0.998 or better for all analytes.
Sensitivity
The signal-to-noise ratio of the analyte response in the calibration standards was used to calculate the sensitivity of the method. The signal-to-noise ratio was required to be greater than 3 for the LOD and 10 for the LLOQ respectively.
Accuracy & precision
Accuracy and precision (intra-and interday) were evaluated for 3 consecutive days by analyzing five replicates of QC samples at four different concentrations for IVM (0.1, 0.5, 200, and 750 ng/ml) in mouse, monkey or human plasma. All the QCs were required to be ± 15% standard deviation (SD) from the nominal values with a precision of ± 15% relative standard deviation (RSD), except for LLOQ, where the limit was ± 20% of SD to meet acceptance criteria.
Recovery & matrix effect
Extraction recoveries were determined by comparing the peak area of IVM at three different QC levels (LQC, MQC and HQC) in extracted samples with pure authentic standards for IVM in reconstitution solvent. The recovery of the IS was determined utilizing the same methodology.
The matrix effect was evaluated at each QC level and for mouse, monkey or human plasma. After extraction of blank plasma, the dry extract was spiked with IVM and IS and the mean peak area of the spiked analytes in blank matrix was compared with QCs prepared in the reconstitution solvent.
Dilution integrity
Dilution integrity was investigated to ensure that samples could be diluted with blank plasma without affecting the result. The IVM spiked human, mouse or monkey plasma samples prepared at 1500 and 3750 ng/ml concentrations were diluted with pooled human, mouse or monkey plasma at dilution factors of 2 and 5 in five replicates and analysed. The five replicates were required to meet both precision (≤15%) and accuracy (100 ± 15%) criteria similar to the QCs samples.
Carryover
To assess carry-over, two zero samples were injected following an HQC sample of IVM. The first zero sample was required to be <20% of the response of a processed LLOQ sample of IVM to meet acceptance criteria.
Stability
The stability of IVM in plasma samples following three freeze-thaw cycles (room temperature to -80
• C to room temperature), bench-top storage (20 • C for 8 h) and auto-sampler (4 • C for 36 h) stability was calculated by determining concentrations at LQC, MQC and HQC (n = 3). The long-term sample storage (-80
• C for 30 days) and re-analysis of clinical samples after 1 year (-80
• C for 1 year) were evaluated.
Application of the method for human samples analysis
For comparison of our newly developed LC-MS/MS method with a previously validated HPLC-FL method, we re-analyzed randomly selected samples from a clinical trial previously reported [40] .
Statistics
The agreement between the LC-MS/MS and HPLC-FL values were assessed using linear regression and the method of Bland and Altman [41] . The Wilcoxon signed rank test was used for comparison between concentrations measured by two assays using the JMP software version 13 (NC, USA).
Results & discussion
Mass spectrometric, chromatographic & extraction conditions optimization
The MS/MS conditions were initially optimized by injecting standards at concentration of 1 μg/ml and tuning the cone and collision energies using mobile phase A containing 0.1% AA in water and mobile phase B containing MeOH:MeCN (50:50, v/v). The product ion spectra for IVM and IS were monitored in the both positive and negative ionization with ESI. − for IVM and ABA (Figure 2 ). The major fragment of IVM and IS in negative ESI mode, is the loss of the oleandrose portion (loss of 306 Da) to leave the macrocyclic lactone ion, which is used as the primary ion for quantitation. The loss of 82 Da, the neutral pyranose fragment or loss of 110 Da, the dimethylpyranose fragment is consistent with previous observations [29, 34, 35] .
Different chromatographic conditions such as different mobile phases (i.e., MeCN, MeOH and water), analytical columns (C8, C18 and C18 PFP) and additives (i.e., formic acid, AA, ammonium acetate and formate) were tested for achieving an increased sensitivity, improved peak resolution and shorter chromatographic times for IVM and IS. The IVM gave a good electrospray response in the negative ionization mode when using the mobile phase 0.1% (v/v) acetic acid in water (mobile phase A) and MeOH:MeCN (50:50, v/v; mobile phase B). Isocratic elution (A:B, 20:80 v/v) was performed to obtain complete chromatographic resolution and best peak shape for both IVM and the IS, on ACE C18 (50 × 3 mm, 3 μ) column equipped with a C18 guard column. The retention times for IVM and IS were 7.5 and 3.5 min, respectively. These retention times were recorded at a flow rate of 0.3 ml/min with 40
• C column oven temperature and the total chromatographic run time was 10 min. The reproducibility (%CV) in the measurement of retention time for 100 injections was 0.5%. Typical mass chromatograms from human blank plasma showed no interference of endogenous compounds with the analysis of IVM and IS (Figure 3) .
Our aim was to develop a selective, sensitive and simple method to determine IVM in human monkey and mouse plasma. Optimization of the extraction method from plasma, the variables involved in the procedure such as extraction methods and extraction solvents were investigated. We tested a protein precipitation method with MeOH and MeCN, but the sensitivity was not high enough and distorted peaks. Subsequently, we tested solid phase extraction (SPE) with different SPE cartridges namely C 8 and C 18 and the extraction recovery of our final method was greater than that of simple protein precipitation (data not shown). In addition, the SPE method was preferred over the protein precipitation and liquid-liquid extraction for analyzing the in-vivo samples because there was less matrix effect (data not shown). The bond elute C 18 , 1 cc cartridge resulted in high extraction efficiency (∼85%) of IVM. The method was optimized with 200 μl of plasma sample. Desorption conditions both the desorbing solvent and its volume were investigated to ensure the effective elution of analytes from the sorbent. The best recoveries were observed for both analytes when isopropyl alcohol was used as the elution solvent. After the expected LOQ values for IVM were achieved, the method was validated according to the FDA guidance.
Structurally similar ABA was used as the IS for IVM. Both compounds had chromatographic separation to avoid cross talk and a similar ionization response in ESI mode.
Assay validation Specificity & selectivity
The specificity of the method was evaluated by analyzing human plasma samples from six different sources, pooled mouse plasma or pooled monkey plasma to investigate potential interferences at the retention time of all analytes and IS. No coeluting peaks >20% of the LLOQ or >5% of the area of IS were observed. The representative UPLC, blank human plasma chromatogram, samples spiked at LLOQ (0.1 ng/ml) concentration is shown in Figure 3 . The retention time for IVM and IS were 7.5 and 3.5 min, respectively.
Calibration curve & linearity
The method was linear over a concentration range from 0.1-1000 ng/ml for IVM. The calibration model was selected based on the analysis of the data by linear regression with or without intercepts (y = mx + c and y = mx) and weighting factors (1/y 2 ). The lowest concentration with relative standard deviation (RSD) <20% was taken as LLOQ and was found to be 0.1 ng/ml.
Carryover
After the high standard (1000 ng/ml), blank samples were injected, IVM showed no significant peak in blank samples (<20% of the LLOQ) indicating no significant carry-over effect. HQC: High quality control; LLOQ: Lower limit of quantification; LQC: Lower quality control; MQC: Middle quality control; RSD: Relative standard deviation. Table 3 . Mean extraction recoveries of the ivermectin from human, monkey and mouse plasma. 
Accuracy & precision
The interday and intraday accuracy and precision results for the detection of IVM in mouse, monkey and human plasma at four different concentrations are presented in Table 2 . The % RSD of precision values ranged from 1.70 to 15.26%. The bias ranged from -12.96 to 12.40% and was within the acceptance limits.
Recovery & matrix effect
The absolute mean recoveries are shown in Table 3 for IVM. Extraction recovery was >80% in all the three matrices. The mean recovery of IS was 46.2 ± 4.6. The matrix effect for both analytes at LQC, MQC and HQC concentrations levels in plasma were <± 15% (90.3-107.8%). Thus, no significant matrix effect was observed.
Dilution integrity
The precision for dilution integrity of 1:2 and 1:5 dilutions were within the acceptance limits of ± 15% for precision (CV) and 85.0-115.0% for accuracy.
Stability
Stability data for IVM are presented in Table 4 . The IVM was stable in human plasma and found to be within ± 15% of the actual concentration at all QC concentrations.
Application of the liquid chromatography-tandem mass spectrometry & high-performance liquid chromatography-fluorescence method for clinical samples analysis We compared IVM plasma concentrations measured by HPLC-FL and LC-MS/MS assay in samples from four patients receiving treatment of diethylcarbamazine-citrate (DEC-citrate) 6 mg/kg + ABZ 400 mg + IVM 200 μg/kg . All participants provided written informed consent before they were enrolled in the study. We randomly selected 52 clinical samples (from four volunteers,∼8% of total study samples) using our validated LC-MS/MS method for re-analysis (incurred sample analysis) [41, 42] . The samples were previously analysed one year earlier using HPLC-FL method. The concentration time curve for IVM samples are shown ( Figure 4A ). We also evaluated the average concentration of IVM determined via HPLC-FL and LC-MS/MS assay and percent difference between the tests calculated and displayed using a Bland and Altman plot ( Figure 4B ). The percentage difference in concentration at all-time points (1 -168 h) were within ± 20% of the average value for 94% of the samples, except for three time points ( Figure 4B ) [41, 42] . In addition, there was good linear correlation (r 2 = 0.9956, with slope of 0.6824) obtained between concentrations for the two different assays ( Figure 4C ). The reanalyzed plasma IVM mean concentrations using LC-MS/MS were found to be within ± 15% of the initially reported value (Table 5) . Thus, no significant differences were observed between the two assays. These results also reinforce the fact that additional drugs in actual patient samples such as albendazole or diethylcarbamazine do not cause any interference or alteration of results as there was good agreement between both assays. The Wilcoxon signed rank test showed no significant difference between concentrations measured by two assays. These analyses indicate that the two methods yield very similar results.
Conclusion
A LC-MS/MS method for the determination of IVM concentrations in mouse, monkey and human plasma was developed and validated over the concentration range of 0.1-1000 ng/ml. This method offers significant advantages in terms of: simplicity of analysis as it does not require derivitaztion; absence of carry over; absence of matrix effect and validation over a large dynamic range (calibrators from 0.1-1000 ng/ml). The established LLOQ of 0.1 ng/ml was sufficiently low for pharmacokinetic studies and only required 200 μl of plasma. This method was successfully applied for re-analysis of clinical samples. The reanalyzed plasma IVM mean concentrations were found to be within ± 15% of the initially reported value and found stable for 1 year at least. Therefore, the current LC-MS/MS method provides a valuable tool to improve the efficacy and safety of IVM therapy. This method will therefore be useful for evaluating the disposition of IVM and relation of plasma concentration to effect in future preclinical and clinical studies.
Future perspective
Ivermectin is approved for the control and treatment of human and animal onchocerciasis, LF, strongyloidiasis and scabies. The WHO has targeted LF as a public health problem to be globally eliminated by 2020. These efforts have been based on a mass drug administration approach utilizing antifilarial drug regimens including diethylcarbamazine combined with albendazole and IVM. Efficacy rates of IVM are directly correlated with patient adherence rates to antifilarial medications. Routine analysis of IVM within biological samples will continue to provide clinicians and researchers an objective measure to assess the efficacy of these antifilarial treatments. Our method provides a robust, sensitive and specific approach for the bioanalysis of IVM. Additional agents to further improve treatment of LF and additional studies focusing on the development of analogues (i.e., abamectin, dorametin, eprinomecting, emamectin and moxidectin) should be a priority.
Summary points
Background
• We developed a novel and sensitive LC-MS/MS method for ivermectin (IVM) in plasma.
Methods
• The IVM was extracted from plasma using solid-phase extraction and quantitated using electrospray ionization operating in negative mode. Results & conclusion • The method was linear over the concentration range from 0.1-1000 ng/ml. The LC-MS/MS method is sensitive, reproducible, has easy sample preparation and is suitable for IVM quantitation in clinical samples.
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